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Electrical resistivity measurements were performed on single crystals of URu2-xOsxSi2 up to x =
0.28 under hydrostatic pressure up to P = 2 GPa. As the Os concentration, x, is increased, (1) the
lattice expands, creating an effective negative chemical pressure Pch(x), (2) the hidden order (HO)
phase is enhanced and the system is driven toward a large-moment antiferromagnetic (LMAFM)
phase, and (3) less external pressure Pc is required to induce the HO→LMAFM phase transition.
We compare the T (x, P) phase behavior reported here for the URu2-xOsxSi2 system with previous
reports of enhanced HO in URu2Si2 upon tuning with P, or similarly in URu2-xFexSi2 upon tuning
with positive Pch(x). It is noted that pressure, Fe substitution, and Os substitution are the only
known perturbations that enhance the HO phase and induce the first order transition to the LMAFM
phase in URu2Si2. We present a scenario in which the application of pressure or the isoelectronic
substitution of Fe and Os ions for Ru results in an increase in the hybridization of the U-5f - and
transition metal d -electron states which leads to electronic instability in the paramagnetic phase
and a concurrent stability of HO (and LMAFM) in URu2Si2. Calculations in the tight binding
approximation are included to determine the strength of hybridization between the U-5f electrons
and each of the isoelectronic transition metal d -electron states of Fe, Ru, and Os.
PACS numbers: 71.27.+a, 72.10.Di, 74.62.Dh, 74.62.Fj
I. INTRODUCTION
The heavy-fermion superconducting compound
URu2Si2 is known for its second-order phase transition
into the so-called “hidden order” (HO) phase at a transi-
tion temperature T0 ≈ 17.5 K. Extensive investigation of
the phase space in proximity to the HO phase transition
has provided a detailed picture of the electronic and
magnetic structure of this unique phase.1–42 However,
more than three decades after the initial characterization
of URu2Si2,
1–3 the order parameter for the HO phase is
still unidentified.
Most perturbations to the URu2Si2 compound have
the effect of suppressing HO. The application of an exter-
nal magnetic field (H) suppresses the HO phase41,43 and
many of the chemical substitutions (x) at the U, Ru, or
Si sites that have been explored, significantly reduce T0,
even at modest levels of substituent concentration.44–52
At present, only three perturbations are known to
consistently enhance the HO phase in URu2Si2: (1)
external pressure P , (2) isoelectronic substitution of Fe
ions for Ru, and (3) isoelectronic substitution of Os ions
for Ru. Upon applying pressure P , the HO phase in pure
URu2Si2 is enhanced
6 and the system is driven toward a
∗ Corresponding Author: mbmaple@ucsd.edu
large moment antiferromagnetic (LMAFM) phase.53 The
HO→LMAFM phase transition is identified indirectly
by a characteristic “kink” at a critical pressure Pc
≈ 1.5 GPa in the T0(P ) phase boundary,
18,53,54 and
also directly by neutron diffraction experiments, which
reveal an increase in the magnetic moment from µ ∼
(0.03± 0.02)µB/U in the HO phase to µ ∼ 0.4 µB/U in
the LMAFM phase.13,55,56
Recent reports indicate that the isoelectronic sub-
stitution of Fe ions for Ru in URu2Si2 replicates the
T0(P ) behavior in URu2Si2.
57–59 An increase in x in
URu2−xFexSi2 enhances the HO phase and drives the
system toward the HO→LMAFM phase transition at a
critical Fe concentration xc ≈ 0.15.
58,60 The decrease
in the volume of the unit cell due to substitution of
smaller Fe ions for Ru may be interpreted as a chemical
pressure, Pch, where the Fe concentration x can be
converted to Pch(x).
57,59 In addition, the induced
HO→LMAFM phase transition in URu2−xFexSi2 occurs
at combinations of x and P that consistently obey the
additive relationship: Pch(x) + Pc ≈ 1.5 GPa.
57,59 These
results have led to the suggestion that Pch is equivalent
to P in affecting the HO and LMAFM phases.58,59
Reports of the isoelectronic substitution of larger
Os ions for Ru have shown that an increase in x in
URu2−xOsxSi2: (1) expands the volume of the unit cell,
thus creating an effective negative chemical pressure
(Pch ≤ 0), (2) enhances the HO phase, and (3) drives the
2system toward a similar HO→LMAFM phase transition
at a critical Os concentration of xc ≈ 0.065.
60–62 These
results are contrary to the expectation that a negative
Pch would lead to a suppression of HO and complicates
the view of “chemical pressure” as a mechanism affecting
the evolution of phases in URu2Si2.
In this paper, we report on the T (x, P ) phase
behavior for the URu2−xOsxSi2 system based on ρ(T )
measurements of single crystals of URu2−xOsxSi2 as a
function of Os concentration x, and applied pressure
P . The T (x, P ) phase behavior observed here for
the URu2−xOsxSi2 system
57–59 is compared to that
of the URu2−xFexSi2 system and also with the T (P )
behavior in pure URu2Si2. As an explanation for the
enhancement of HO toward the HO→LMAFM phase
transition, we suggest a scenario in which each of the
perturbations of Os substitution, Fe substitution, and
pressure P favors delocalization of the 5f electrons
and increases the hybridization of the uranium 5f - and
transition metal (Fe, Ru, Os) d-electron states. In order
to avoid an ad-hoc explanation of the effect of increasing
the Os concentration x in URu2−xOsxSi2, compared to
the effects of pressure P and Fe substitution, we explain
how pressure P , Fe substitution, and Os substitution
are three perturbative routes to enhancement of the
U-5f - and d-electron hybridization. The importance of
the 5f - and d-electron hybridization to the emergence
of HO/LMAFM is presented in the context of the
Fermi surface instability that leads to a reconstruction
and partial gapping of the Fermi-surface during the
transition from the paramagnetic (PM) phase to the HO
and LMAFM phases.2,6,20,22,24–26,37,38,63
In an effort to further understand the effect of
isoelectronic substitution on the 5f - and d-electron
hybridization, calculations in the tight-binding ap-
proximation were made for compounds from the series
UM2Si2 (M = Fe, Ru, and Os). The calculations
indicate that the degree of hybridization is largely
dependent on the magnitude of the difference between
the binding energy of the localized U-5f electrons and
that of the transition metal d electrons.
II. EXPERIMENTAL DETAILS
The experimental design and procedure, including syn-
thesis of single crystals, crystallographic measurements,
and measurements of electrical resistivity under applied
pressure are similar to those in the investigation of the
URu2−xFexSi2 system as described in Ref. 59. Single
crystals of URu2−xOsxSi2 at nominal concentrations of
xnom = 0, 0.025, 0.05, 0.10, 0.13, 0.16, and 0.20 were
grown according to the Czochralski method in a tetra-
Arc furnace. The quality of the single crystal samples
were determined by Laue X-ray diffraction patterns to-
gether with X-ray powder diffraction (XRD) measure-
ments. The XRD patterns were fitted according to the
Rietveld refinement technique using the GSAS-II soft-
ware package.64 Elemental analysis of single crystal sam-
ples of URu2−xOsxSi2 at nominal concentrations of xnom
= 0.025, 0.05, 0.10, 0.13, and 0.20 was performed using
energy-dispersive X-ray spectroscopy (EDX). Based on
the EDX measurements, the actual osmium concentra-
tions xact in these samples were determined to be xact
= 0.07, 0.08, 0.15, 0.18, and 0.28, respectively. In this
report, the Os concentration x in these single crystal
URu2−xOsxSi2 samples is taken as xact as determined
from the EDX measurements, unless otherwise stated. It
is noted that the single crystal sample with nominal Os
concentration xnom = 0.16 was not available for EDX
measurement and thus x = xnom = 0.16 in this case.
(See Sec. VI for details on sample quality and the error
in Os concentration.)
Annealed Pt wire leads were affixed with silver epoxy
to gold-sputtered contact surfaces on each sample in a
standard four-wire configuration. Electrical resistivity
ρ(T ) measurements were performed on single crystals
of URu2−xOsxSi2 under applied pressure up to P =
2 GPa for Os concentrations x = 0, 0.07, 0.08, 0.15,
0.16, 0.18 and 0.28. A 1:1 mixture by volume of n-
pentane and isoamyl alcohol was used to provide a quasi-
hydrostatic pressure transmitting medium and the pres-
sure was locked in with the use of a beryllium copper
clamped piston-cylinder pressure cell. The pressure de-
pendence of the superconducting transition temperature
of high purity Sn was used as a manometer. Measure-
ments of ρ(T ) were performed upon warming from ∼ 1
to 300 K in a pumped 4He dewar and the temperature
was determined from the four-wire electrical resistivity
of a calibrated Cernox sensor.
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FIG. 1. (Color online) Electrical resistivity ρ(T ) in the vicin-
ity of the HO/LMAFM transition for the URu2−xOsxSi2 sys-
tem at ambient pressure for x = 0, 0.07, 0.08, 0.15, 0.16, 0.18,
and 0.28. The transition temperature T0 is indicated by the
black arrow. The ρ(T ) curves have been shifted vertically for
clarity.
3III. RESULTS
Figure 1 displays the temperature dependence of the
ambient pressure electrical resistivity ρ(T ) in the vicinity
of the transition temperature T0 for the URu2−xOsxSi2
system. The transition from the paramagnetic (PM)
phase to the HO phase (or LMAFM phase at higher
values of x) is defined to be at the location of the
minimum in ρ(T ), which occurs prior to the upturn in
ρ(T ) upon cooling, as indicated by the black arrow.
It is clear that the feature in ρ(T ) shifts to higher
temperature as x is increased.
The values of T0, as determined from the ρ(T )
data shown in Fig. 1 for single crystal samples of
URu2−xOsxSi2 at x = 0, 0.07, 0.08, 0.15, 0.16, 0.18,
and 0.28, were used to construct the T –x phase diagram
displayed in Fig. 2. The solid black lines that outline the
T0(x) phase boundary between the PM phase and the
HO (or LMAFM) phase are linear fits to the T0(x) data.
The solid black line of smaller slope outlining the T0(x)
phase boundary between the PM phase and the HO
phase is a linear fit to the T0(x) data for samples with
low Os concentrations up to x = 0.15. The solid black
line of larger slope outlining the T0(x) phase boundary
between the PM phase and the LMAFM phase is a
linear fit to the T0(x) data for the single crystal samples
with Os concentrations from x = 0.15 to 0.28. The
intersection of the two lines forms a “kink” in the T0(x)
phase boundary and is taken to be the location of the
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FIG. 2. (Color online) T0 vs x phase diagram for
URu2−xOsxSi2 up to x = 0.28. The solid black and green
dashed lines representing the T0(x) phase boundaries are lin-
ear fits to the values of T0 for the single crystal and poly-
crystalline samples, respectively. The values of T0 were de-
termined from ρ(T ) data as shown in Fig. 1 (see text) and
the values of T0 for the polycrystalline samples (white circles)
were similarly determined as reported in Ref. 61. The vertical
dashed line locates the critical Os concentration xc ≈ 0.14 at
the HO→LMAFM phase transition. Error bars for x repre-
sent standard deviations in the data from EDX measurements
(see Sec. VI).
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FIG. 3. (Color online) Electrical resistivity ρ(T ) in the vicin-
ity of the HO/LMAFM transition for the URu2−xOsxSi2 sys-
tem as a function of pressure P : (a) ρ(T ) for pure URu2Si2
as a function of pressure up to P = 1.9 GPa; (b) ρ(T ) for the
x = 0.07 sample as a function of pressure up to P = 1.9 GPa;
and (c) ρ(T ) for the x = 0.16 sample as a function of pressure
up to 1.8 GPa. The ρ(T ) data for x = 0.16 have been shifted
vertically for clarity.
HO→LMAFM transition at a critical Os concentration
of xc ≈ 0.14.
Similar linear fits (dashed green lines) to the values of
T0 (white circles) taken from Ref. 61 for polycrystalline
samples of URu2−xOsxSi2 suggest a critical concentra-
tion of xc ≈ 0.07. Given the differences inherent to
synthesis of polycrystals compared to single crystals, the
discrepancy between the values of the critical concentra-
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FIG. 4. (Color online) A “composite” T0 vs P phase dia-
gram for URu2−xOsxSi2. The dashed lines representing the
T0(P ) phase boundary are linear fits to the T0(P ) data. The
values of the critical pressures Pc = 1.43, 0.75, 0.33 for x
= 0, 0.07, and 0.08, respectively, mark the pressure-induced
HO→LMAFM phase transition and are defined by the loca-
tion of the “kinks” in the T0(P ) phase boundaries (or inter-
sections of the linear fits) (see text).
tion for the polycrystalline and single crystal samples is
not clearly understood. However, the two T0(x) phase
boundaries for polycrystalline and single crystal samples
of URu2−xOsxSi2 are qualitatively similar with the
T0(x) phase boundary for single crystals being shifted
toward higher Os concentration x.
Figure 3 displays the temperature dependence of the
electrical resistivity ρ(T ) near T0 for the URu2−xOsxSi2
system under applied pressure P . Figure 3(a) displays
ρ(T ) for pure URu2Si2 as a function of pressure up to
P ≈ 1.9 GPa. As pressure is increased, the feature in
ρ(T ) shifts to higher temperature similar to what is
observed with an increase in x. Furthermore, the feature
in ρ(T ) appears to migrate more quickly with pressure
above some critical pressure near 1.4 GPa. Figures 3(b)
and (c) display ρ(T ) in the vicinity of T0 as a function
of applied pressure for samples at x = 0.07 and 0.16,
respectively. The sample with x = 0.07 (Fig. 3(b)) is at
an Os concentration well below the critical concentration
xc ≈ 0.14 and therefore exhibits the HO phase up to
some critical pressure. As with the pure compound
URu2Si2, the pressure dependence of the feature in ρ(T )
increases above some critical pressure Pc near 0.8 GPa.
In contrast, for the sample with an Os concentration x =
0.16 (Fig. 3(c)) greater than xc, the pressure dependence
of the feature in ρ(T ) is constant up to 2 GPa suggesting
the sample is likely already homogenous in the LMAFM
phase at ambient pressure.
The T0(P ) behavior for all seven single crystal samples
from the URu2−xOsxSi2 system (at x = 0, 0.07, 0.08,
0.15, 0.16, 0.18, and 0.28) is plotted in the “composite”
T0 vs P phase diagram shown in Fig. 4. The T0(P )
phase boundaries for samples with x = 0, 0.07, and 0.08
exhibit the characteristic discontinuity or “kink”, which
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FIG. 5. (Color online) Energy gap ∆ vs. pressure P for the
x = 0, 0.07, and 0.08 samples. The value of ∆ are based
on fits to the low temperature ρ(T ) data as explained in the
text. The values of Pc (marked by dashed vertical lines) were
determined from the “kinks” in the T0 vs. P phase boundaries
shown in Fig. 4. The error in ∆ was determined by the fitting
algorithm and the solid lines are guides to the eye.
is indicative of the first-order HO→LMAFM phase
transition. The slopes of the T0(P ) phase boundaries
in the HO phase, prior to the discontinuities, for the
x = 0, 0.07, and 0.08 samples are dT0/dP = 1.11,
0.99, and 1.21 K GPa−1, respectively. In the LMAFM
phase, the slopes are significantly higher at dT0/dP
= 2.99, 2.53, and 2.66 K GPa−1, respectively. There
is no discontinuity in the slope of the T0(P ) phase
boundaries for the Os-substituted samples with higher
Os concentrations of x = 0.15, 0.16, 0.18, and 0.28
that are above xc, where the slopes were determined
to be dT0/dP = 2.31, 2.42, 2.15 and 2.27 K GPa
−1,
respectively. Note the equivalence between the values of
the pressure dependence in both the HO phase (averaged
at dT0/dP ≈ 1.10 K GPa
−1) and the LMAFM phase
(averaged at dT0/dP = 2.47 K GPa
−1) across all of the
samples. The values of all slopes were determined by
linear fits (solid lines in Fig. 4) to the T0(P ) data in the
HO or LMAFM phases and are in very good agreement
with hydrostatic pressure coefficients reported in other
investigations.18,53,59,65
The pressure dependence of the charge gap ∆ that
opens up over the Fermi surface during its reconstruction
at the PM→HO/LMAFM phase transition may serve
as another measure of the critical pressure Pc. Namely,
the critical pressure Pc can be taken as the value of P
where there is a change in the pressure dependence of
∆ that occurs at the first-order phase transition from
HO to LMAFM. Figure 5 displays a plot of the energy
gap ∆ as a function of pressure P for single crystal
samples of URu2−xOsxSi2 with x = 0, 0.07, 0.08. The
values of ∆ were extracted from fits of a theoretical
model66 of electrical resistivity to the ρ(T ) data in the
low temperature region below the feature in electrical
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FIG. 6. (Color online) Measured and expected critical pres-
sure Pc as a function of x for URu2−xOsxSi2. As x is in-
creased, the critical pressure is reduced to Pc = 0 GPa at
a critical Os concentration of xc ∼ 0.12. The open symbols
represent the expected critical pressure Pc (see text). The
black (red) solid lines represent the experimental (expected)
HO/LMAFM phase boundaries and are linear fits to the ex-
perimental (expected) values of critical pressure Pc.
resistivity (where dρ/dT > 0) as described in Ref. 59.
From the ∆ vs. P plots for each of the x = 0, 0.07, 0.08
samples, there is a flattening of the pressure coefficient
d∆/dP at pressures of P ≈ 1.55, 0.90, and 0.50 GPa
that are consistent with the critical pressures Pc =
1.43, 0.75, 0.33 GPa determined from the T0(P ) phase
boundaries in Fig. 4. Interestingly, the “kinks” in ∆
vs. P data occur at pressures that are consistently ∼
0.15 GPa higher than the Pc values. Low values of
∆ ≈ 7.2 meV correspond to transitions into the HO
phase. Higher values of ∆ > 8.5 meV correspond to
transitions into the LMAFM phase. Intermediate values
of ∆ preceding the plateau in the ∆(P ) curves suggest
inhomogeneity and a percolation of the LMAFM phase
as pressure is increased.
Of central importance to the current report is the
reduction of the critical pressure Pc with increasing Os
concentration x, as illustrated in Fig. 4. The vertical
dashed lines locate decreasing values of Pc = 1.43, 0.75,
and 0.33 GPa for samples in order of increasing Os
concentration x = 0, 0.07, and 0.08. This is reminiscent
of the reduction of Pc with increasing Fe concentration
for the URu2−xFexSi2 system.
59 Based on the results of
the Fe-substituted system, in which lower values of Pc
were required to induce the HO→LMAFM transition
according to the additive relation: Pch(x) + Pc ≈ 1.5
GPa, one would expect that higher (rather than lower)
values of Pc are required to induce the HO→LMAFM
transition for Os-substituted URu2Si2, which is biased
with an effective negative chemical pressure (Pch(x)
< 0). However, this is not what we observed. The
discrepancy between the expected increase in Pc and
the reduction in Pc that was observed experimentally, is
illustrated in the plot of Pc vs. x as shown in Fig. 6. The
solid black line with a negative slope is a linear fit to the
experimentally determined values of Pc (filled symbols)
and represents the Pc(x) phase boundary between
the HO and LMAFM phases for the URu2−xOsxSi2
system. The extrapolation of the fit to zero pressure
yields a critical Os concentration of x = 0.12, which is
comparable to the value of xc = 0.14 determined from
the ”kink” in T0 vs x phase diagram displayed in Fig. 2.
The open symbols in Fig. 6 represent the expected
values of critical pressure Pc, which were determined
by first converting the Os concentration x to a negative
chemical pressure Pch(x) and then using the additive
property of chemical and applied pressure: Pch(x) + Pc
≈ 1.5 GPa. The solid red line with positive slope is a
linear fit to these expected values of Pc and represents
the expected Pc(x) phase boundary between the HO
and LMAFM phases for the URu2−xOsxSi2 system.
Other than pure URu2Si2, Fe-substituted URu2Si2,
and Os-substituted URu2Si2, the only known URu2Si2-
based system measured under pressure is Re-substituted
URu2Si2.
18 At ambient pressure, the effect of Re sub-
stitution is to rapidly suppress HO toward an emergent
itinerant ferromagnetic phase. Interestingly, as pressure
is applied to samples from the URu2−xRexSi2 system, the
HO phase is enhanced toward the same HO→LMAFM
phase transition. However, as the Re concentration is
increased in URu2−xRexSi2 under pressure, the “kink”
in the T0 vs. P “composite” phase diagram persists at
a critical pressure of Pc = 1.5 GPa. This difference
is emphasized in Fig. 7 which displays T0–P–x phase
diagrams for each of the URu2−xOsxSi2, URu2−xFexSi2
and URu2−xRexSi2 systems. The T0(x, P ) data for
the URu2−xRexSi2 system was taken from Ref. 18.
(Due to the fact that the HO transition temperature
T0 is suppressed with increasing Re concentration, the
values along the concentration (x) axis in Fig. 7(c) have
been reversed for clarity.) Note the difference in the
HO/LMAFM phase boundary in the x–P plane for the
Re-substituted system in Fig. 7(c). The HO/LMAFM
phase boundary is constant at Pc = 1.5 GPa for all
Re concentrations up to x = 0.08 in URu2−xRexSi2,
while the boundary is suppressed to P = 0 GPa as x
is increased in the URu2−xFexSi2 and URu2−xOsxSi2
systems.
IV. DISCUSSION
Investigations of URu2Si2 under applied uniaxial
and/or hydrostatic pressure show that an increase in
pressure enhances HO (with an increase in T0) and drives
the system toward a pressure-induced antiferromagnetic
phase (LMAFM) at a critical pressure of Pc ≈ 1.5 GPa
at the bicritical point (or at Px ≈ 0.5 GPa as T →
0).13,18,53,65,67–72 Recently, a related investigation of Fe-
substituted URu2Si2 under applied pressure established a
quantitative equivalence between positive chemical pres-
sure Pch(x) to external pressure P in affecting the phase
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behavior in URu2Si2.
59 The equivalence between Pch(x)
and P is reflected in the consistent “additive” relation-
ship Pch(x) + Pc ≈ 1.5 GPa, where the critical pressure
Pc necessary to drive the HO→LMAFM phase transition
in URu2−xFexSi2 decreases with increasing Fe concentra-
tion x. The relevance of pressure- and chemical-induced
changes to the lattice and how they relate to hybridiza-
tion between f - and d-electron states is discussed in more
detail below.
The results presented here for the effect of increas-
ing Os concentration x on the enhancement of HO in
URu2−xOsxSi2, as well as the reduction of the criti-
cal pressure Pc that induces the HO→LMAFM transi-
tion, are remarkably similar to the phase behavior re-
ported for Fe-substituted URu2Si2.
59 However, the iso-
electronic substitutions of Fe and Os have contrasting ef-
fects on the body-centered-tetragonal (bct) lattice. Sub-
stitution of smaller Fe ions at the Ru site leads to a con-
tracted lattice and a positive chemical pressure Pch(x)
in URu2−xFexSi2, while substitution of larger Os ions at
the Ru site leads to an expanded lattice and a negative
chemical pressure Pch(x) in URu2−xOsxSi2 (The effect of
Os substitution on the lattice is given in Sec. VI.) This
complicates the view of a reduction in the unit-cell vol-
ume through applied or chemical pressure as a necessary
condition for the enhancement of HO in URu2Si2.
Here we suggest an increase in the hybridization of
the uranium 5f -electron states and transition metal
d-electron states as the cause for the enhancement
of HO toward the HO→LMAFM phase transition in
URu2Si2. High-resolution angle-resolved photoemission
spectroscopy (ARPES) and scanning-tunneling micro-
scropy (STM) measurements show directly that the HO
phase emerges from a paramagnetic (PM) Kondo phase
that has clear signatures of hybridization (i.e., Kondo
screening) between the localized 5f - and itinerant spd-
electron states, with the onset of hybridization forming
at a coherence temperature Tcoh ≈ 70 K.
22,24–26,37 At
lower temperatures close to the HO transition temper-
ature T0, there is an increase in the 5f -d-electron hy-
bridization leading to a Fermi surface instability as more
U-5f electrons dissolve into the FS.22,24–26,36,37,73,74 The
degenerate crossing of hybridized 5f -d bands at the Fermi
energy EF create density of states “hot spots” or insta-
bilities at the Fermi surface in the PM phase.20,27 Hence,
small perturbations to the electronic structure in the PM
phase may lift the degeneracy and remove the FS insta-
bility leading to the opening of a “hybridization gap”
over roughly 70% of the FS in the HO and LMAFM
phases and a “re-hybridization” of the 5f - and d-electron
states. Such a topological reconstruction of the FS is ob-
served during the second-order symmetry-breaking tran-
sition (or Lifshitz transition) from the PM phase to the
HO (or LMAFM) phase.
In this report, we suggest that when URu2Si2 is tuned
with pressure or with either of the isoelectronic substi-
tutions of Fe or Os at the Ru site, subtle changes occur
to the 5f -d-electron hybridization near the Fermi level
which favor the stability of the gapped FS of the HO
(or LMAFM) phase over the instability of the FS in the
Kondo-like PM phase. As a result, there is an observed
increase in the transition temperature T0 with increasing
pressure P or substituent concentration x. This applies
to the observed increase in TN for the PM→LMAFM
phase transition, during which the FS undergoes a sim-
ilar reconstruction and gapping. Inelastic neutron scat-
tering experiments performed on single crystals from the
URu2−xFexSi2 system reveal similar interband correla-
tions where enhanced local-itinerant electron hybridiza-
tion also leads to the stability of the LMAFM phase.75
Below, we address the manner in which each of the three
perturbations (pressure, Fe substitution, and Os substi-
tution) independently favors the hybridization of the U-
5f - and d-electron states. Hence, the additivity of x and
P in enhancing HO and inducing the LMAFM phase in
both the URu2−xFexSi2 and URu2−xOsxSi2 systems is
also explained.
PRESSURE: Application of uniaxial and hydrostatic
pressure both reveal that the pressure dependence of the
HO transition temperature T0 is anisotropic with respect
to changes in the a and c lattice parameters of the tetrag-
onal crystal. The a lattice parameter (or the shortest U-
U separation in the basal plane of the tetragonal lattice)
appears to be important in affecting the magnetic proper-
ties of URu2Si2, as well as the transition to the LMAFM
phase.65,71 Furthermore, it has been shown that it is not
7possible to induce the HO→LMAFM phase transition
with uniaxial stress along the c axis.71 Nor does the ra-
tio of lattice parameters c/a appear to be important in
governing the salient magnetic properties and phase be-
havior of URu2Si2.
71 These pressure-induced changes to
the lattice are closely connected to spatial and energetic
changes that may occur to the s-, p-, d-, and f -electronic
orbitals. It is well known that the application of pres-
sure reduces the interatomic distance within a crystal
lattice leading to the delocalization and overlapping of
electronic orbitals.76–79 As a consequence, applied pres-
sure can lead to an increase in the hybridization between
f - and d-electron states,80–82 which is important for the
formation of the HO phase, and is now considered to be
one of its defining characteristics.22,36,73 Here, we suggest
that the pressure-induced enhancement of hybridization
in URu2Si2-based systems contributes to the instability
at the FS that leads to the gapping of the FS and the
second-order transition to the HO and LMAMF phases.
Fe-SUBSTITUTION: The remarkable agreement be-
tween Pch(x) and P , and their effect on the HO and
LMAFM phases is not a surprise, considering that Fe
substitution results in an almost entirely uniaxial con-
traction along the a parameter axis. Upon substitution
of smaller Fe ions for Ru, it is suggested that the effec-
tive chemical pressure Pch associated with the reduction
in the interatomic spacing, favors increased overlap and
hybridization of the U-5f -electron states and d-electron
states in much the same way that applied pressure P fa-
vors hybridization.57,59 Hence, the sum result for inves-
tigations of URu2Si2 under pressure and investigations
of Fe substitution in URu2−xFexSi2 suggest that a con-
tracted lattice in the direction of the a axis is necessary
for the enhancement of HO and a transition to LMAFM
in URu2Si2.
57–59. In addition to the comparable effects
of Fe substitution and pressure on the lattice, HO, and
LMAFM, we discuss below the binding energy of the Fe-
4d electrons as a relevant factor for the increase in 5f -
and d-electron hybridization.
Os-SUBSTITUTION: In contrast, the effective “neg-
ative” chemical pressure associated with an expanded
crystal lattice upon substitution of larger Os ions for
Ru should not favor hybridization of the U-5f - and d-
electron states in URu2−xOsxSi2. However, an increase
in the hybridization may still occur if one considers one
or both of the following: (1) The larger spatial extent of
the 5d-electron orbitals in osmium compared to that of
the 4d-electron orbitals in ruthenium where the change
in the radius of the d-electron wave functions is 0.639
A˚ for Ru ions to 0.706 A˚ for Os ions.83,84 In the tight-
binding approximation, the overlap for a pair of orbitals
is dominated by an exponential term which decays on
a length scale given by the inverse sum of the radii of
the two electronic orbitals.85–87 The increase in the ra-
dius of the d-electron wave functions when an Os ion
replaces a Ru ion is significant and would considerably
effect the overlap of the d-electron wave functions and U-
5f -electron wave functions. (2) The stronger spin-orbit
coupling that occurs in Os compared to that of Ru may
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FIG. 8. (Color online) The radial probability distribution for
the f - and d-electrons in U, Fe, Ru, and Os ions, expressed
in atomic units.
lead to a broadening of the d-electron energy bands and
an increase in the number of d electrons at the Fermi
level.27
Calculations of f- and d-electron hybridization in
UM2Si2 with M = (Fe, Ru, and Os)
In an effort to further understand the hybridization be-
tween the U 5f -electron states and the transition metal
d-electron states in the UM2Si2 series withM = (Fe, Ru,
and Os), we performed tight-binding calculations of the
overlap of the U-5f -electron states and d-electron states
of the Fe, Ru, and Os ions. Preliminary calculations
of Hartree-Fock wave-functions were made for the U-5f -
electron states, the partially-filled d-electron shells of the
transition metal ions Fe, Ru, and Os, as well as the 3p-
electron states of Si and 4p-electron states of Ge. The
radial probability distributions for the f - and d-electron
states are displayed in Fig. 8. Relative to the 4d-electron
states of Ru, the 3d-electron states of Fe are more lo-
calized, whereas the 5d-electron states of Os are slightly
more spatially extended.
Additionally, the Hartree-Fock binding energies EHF
for the f - and d-electron orbitals in U, Fe, Ru, and Os
were calculated and are summarized in Table I. Note that
there is a non-monotonic trend in the binding energy for
the transition metal ions (Fe, Ru, and Os) moving down
the column in the periodic table with EHF = 1.2157,
0.80244, and 1.0095 ry for the Fe 3d6, Ru 4d7, and Os
5d6 states, respectively. The anomalous electronic config-
uration of atomic Ru sets its binding energy much lower
than that of the d-electrons of Fe, Os. The binding en-
ergy of Ru is also much lower than that of the f -electrons
of U where EHF = 1.2689 ry for U 5f
3 state.
Tight-binding energy matrix elements tα,β(R) were
calculated to determine the degree of overlap of the U-5f -
electron states with the Fe, Ru, and Os d-electron states
8TABLE I. Hartree-Fock binding energies EHF of f - and d-
electron orbitals in U, Fe, Ru, and Os ions, where the energies
are given in Rydbergs (Ry).
Element Binding energy EHF (Ry)
U 5f3 1.2689
Fe 3d6 1.2157
Ru 4d7 0.8024
Os 5d6 1.0096
for atomic sites separated by a distance R. Hybridization
energies ∆α(R) were estimated from the matrix elements
tα,β(R) and from the calculated Hartree-Fock binding en-
ergies for the U, Fe, Ru, and Os ions in URu2−xMxSi2
with M = (Fe, Os) according to the expression:
∆α(R) =
∑
β
|tβ,α(R)|
2
E5f − Ed,β
, (1)
where E5f = 1.2689 ry is the binding energy for the U
5f3 state and Ed,β = 1.2157, 0.8024, and 1.0095 ry are
the binding energies for the Fe 3d6, Ru 4d7, and Os 5d6
states, respectively (see Table I).
Table II contains the hybridization energies as a
measure of the degree of hybridization between the
U 5f -electron states and the d-electron states of Fe,
Ru, and Os. The hybridization energies ∆α(R) are
smallest for the hybridization of Ru d-electrons, which
suggests a diminished hybridization for the d electrons
of the Ru ions compared to those of the Fe and Os ions.
Hybridization of the Os d-electron states with the U
5f -electron states is largest, being only slightly larger
than that of the Fe d-electron states. This ordering of
∆α(R) for Fe, Ru, and Os is attributed to both the
increasing spatial extent of the d-electron wave function
down the column of the periodic table (Fig. 8) and also
the non-monotonic variation in excitation energy (or
binding energy). However, the non-monotonic variation
in binding energy is the dominant effect, where the
binding energy of the Ru d-electrons is much lower
than that of the Fe and Os d-electrons and also the
f -electrons of U (see Table I).
Similar trends in 4f -d-electron hybridization are
reported for the heavy-Fermion and Kondo-like systems
of CeFe2Si2, CeRu2Si2, and CeRu2−xOsxSi2, where the
strength of the hybridization of the Ce-4f electrons
and the s, p, and d conduction electrons can be char-
acterized by the Kondo temperature TK .
88 CeFe2Si2
has a large Kondo temperature TK ∼ 103 K,
89 while
the Kondo temperature for CeRu2Si2 is TK ∼ 10 to
25 K.88,90–92 As small amounts of Os are introduced
into CeRu2−xOsxSi2, the Kondo temperature increases
to TK ∼ 10
2 K for x = 0.1.91,93 These changes in the
TABLE II. Hybridization energies of the α-th 5f -orbital with
the βth d-orbital, where the energies are given in Rydbergs
(Ry).
∆α(R) Fe (Ry) Ru (Ry) Os (Ry)
∆xyz(R) 0.081 0.034 0.097
∆x(5x2−3r2)(R) 0.058 0.025 0.064
∆y(5y2−3r2)(R) 0.050 0.021 0.055
∆z(5z2−3r2)(R) 0.079 0.033 0.087
∆x(y2−z2)(R) 0.039 0.018 0.047
∆y(z2−x2)(R) 0.039 0.018 0.047
∆z(x2−y2)(R) 0.067 0.028 0.084
hybridization of the Ce-4f and s, p, and d electrons
across the CeFe2Si2, CeRu2Si2, and CeRu2−xOsxSi2
systems appear to be consistent with the changes in the
5f -d-electron hybridization in other reports94 and with
our calculations across the UM2Si2 series with M = (Fe,
Ru, and Os).
Hence, the enhancement of the HO phase in
URu2−xOsxSi2 with increasing Os concentration x is con-
sistent with the greater degree of d- and f -electron hy-
bridization as calculated for the Os ions. Similar rea-
soning may also explain the enhancement of HO in the
case of URu2Si2 under applied pressure P and the case of
URu2−xFexSi2 with increasing Fe concentration x. The
reduction of the critical pressure Pc, and the cooperative
effects of x and P observed in URu2−xOsxSi2, may fol-
low from the nature in which both the perturbations of
x and P work together to foster hybridization: applied
pressure favors delocalization of the U-5f electrons and
the substitution of Os ions for Ru extends the d elec-
trons outward within the unit cell. Both of these effects
together would favor overlap between the U-5f - and d-
electron wave functions in URu2−xOsxSi2.
The increase in spin-orbit coupling may also help with
hybridization of the U-5f - and Os-5d-electron states on
account of the splitting of the d-electron band, which
brings the orbitals closer together in energy and slightly
enhances the hybridization between the two orbital lev-
els with j = l − 1, where l = 3 for U and l = 2 for Os.
The increase in hybridization between the U-5f -electron
states and the transition metal d-electron states, caused
by the larger spin-orbit coupling of Os, is estimated to
be limited and less than ∼ 2 %.87
The persistence of the critical pressure at Pc = 1.5
GPa, with increasing rhenium (Re) concentration in
URu2−xRexSi2, suggests that any doping which sup-
presses HO may not be “additive” with pressure, and,
as such, is not a perturbation that favors hybridiza-
tion. Indeed, for small Re concentration (x < 0.1) in
URu2−xRexSi2, the hidden order transition T0 is rapidly
reduced and for higher Re concentrations (x > 0.1),
9the system enters a ferromagnetic state rather than the
LMAFM phase.
Based on our hybridization calculations and previous
reports of the trends in 5f -d-electron hybridization for
the 3d-, 4d-, and 5d-electron orbitals, one might expect
the same qualitative increase in hybridization (relative to
the Ru4d electrons) for the Re-5d-electron states as ob-
served for the Os-5d-electron states. However, the trends
in 5f -d-electron hybridization reported here for UM2Si2
(M = Fe, Ru, and Os) and elsewhere for CeM2Si2 (M
= Fe, Ru, and Os)88,90–93 are for systems that are iso-
electronic. For these systems, there is little or no varia-
tion across the series in the number of d-band electrons
near the Fermi energy that are available for hybridiza-
tion. The degree of f -d-electron hybridization is largely
dependent on the density of states at the Fermi level such
that any significant variation in the number of d electrons
near EF would have an effect on the hybridization.
45,94
Furthermore, substitutions for Ru such as Rh and Re
that are effectively electron (or hole) doping would shift
the Fermi energy away from the degenerate crossing of
the hybridized bands thereby stabilizing the FS in the
paramagnetic phase. In addition, any doping resulting
from non-isoelectronic substitutions might also change
the underlying band structure and shape of the FS, which
experimentally is shown to disrupt HO and replace it
with an un-ordered state.95,96
Hence, there are competing effects on hybridization in
moving from Ru to Re, where any increase in hybridiza-
tion owing to the spatially extended character of Re-5d
electrons is mitigated by the reduction in the number of
d electrons available near EF for hybridization and other
deleterious effects to the FS. The d orbital electronic con-
figuration is 5d5 for Re compared to 5d6 for Os. In the
case of Re substitution, the decrease in the density of
d-band electrons (or increase in hole concentration) may
inhibit the 5f -d-electron hybridization that is observed to
increase in the case of Os substitution. In addition, the
degree of hybridization between U-5f electrons and Re-
5d electrons depends not only on the hybridization ma-
trix elements but also largely on the binding energy of the
Re-5d electrons (see Equation 1). Hence, a comparison
of hybridization across systems that are not isoelectronic
is more complicated and it is not unreasonable to assume
that hybridization in the case of Re substitution would
not increase as observed for the case of Os substitution.
For systems in which the HO phase is suppressed with
increasing substituent x, as in Re-substituted URu2Si2, a
determination of the hybridization between the U-5f and
Re-5d electrons as a function of concentration x should
be investigated further.
V. CONCLUSIONS
Early specific heat measurements of URu2Si2 in 1985
revealed an anomalous feature at T0 = 17.5 K, reminis-
cent of a continuous mean-field type of phase transition.2
The use of a simple model for the analysis of the specific
heat anomaly led to the notion of a partial gapping of the
Fermi surface as the compound entered the hidden order
(HO) phase, with the magnitude of the gap determined
to be 11 meV.2 This simple yet powerful experimental
technique was one of the first “probes” into the struc-
ture or “reconstruction” of the Fermi surface during the
HO phase transition in URu2Si2. Over the last 20 years,
advanced experimental techniques have yielded direct ev-
idence and provided confirmation of the partial gapping
of the Fermi surface, with gap values of ∼ 10 meV. We
now have a detailed picture of the electronic structure in
proximity to the hidden order transition at T0, whereby
the onset of hybridization of 5f and d electrons at 70 K
leads to a degenerate crossing of 5f -d-hybridized bands
at the Fermi level and ultimately to an instability, re-
construction, and partial gapping of the Fermi surface at
17.5 K.
Currently, applied pressure, and the substitution of Fe
and Os ions for Ru, are the only known perturbations
to URu2Si2 that result in an enhancement of HO and a
subsequent first-order transition to the LMAFM phase.
Here, we explain the enhancement of HO as the result of
an increase in the hybridization of the uranium 5f - and
transition metal (Fe, Ru, Os) d-electron states, which
leads to a Fermi surface instability that favors the HO
phase over the PM phase. This causes the increase in
the PM→HO transition temperature T0.
The results from transport measurements for single
crystals of URu2−xOsxSi2 under pressure presented here
are used to construct the T0(x, P ) phase behavior. As
the concentration of Os is increased, there is both an ob-
served increase in T0 and a reduction in the critical pres-
sure Pc necessary to induce the transition to the LMAFM
phase. This is consistent with previously reported effects
of applied pressure and Fe substitution on HO and Pc in
single crystals of URu2−xFexSi2. However, the expansion
of the lattice with increasing Os concentration is anoma-
lous in comparison to the lattice contraction observed in
URu2Si2 with increasing pressure and in URu2−xFexSi2
with increasing Fe substitution.
Hence, the increase in the 5f - and d-electron hybridiza-
tion appears to be dependent on various effects, both
spatial and energetic. The contraction of the lattice with
pressure or chemical pressure tends to favor both the
overlap and hybridization of electronic orbitals, whereas
the spatially extended d-electron orbitals (as with Os 5d
electrons) can also lead to an increase in their hybridiza-
tion with the “localized” 5f electrons. In this report,
results of tight-binding calculations show that the de-
gree of hybridization between the U 5f electrons with
the transition metal d electrons is largely dependent on
the difference in binding energy between the “localized ”
5f electrons and d-band electrons. In general, it is noted
that the trend in hybridization increases in moving away
from the Ru 4d electrons to the Fe 3d and Os 5d elec-
trons. This is true for other isoelectronic systems such
as CeM2Si2 (M = Fe, Ru, and Os).
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FIG. 9. (Color online) Values of the residual resistivity ratio
(RRR) defined as ρ(300K)/ρ(2K) as a function of pressure P
for single crystal samples with x = 0, 0.07, 0.08, 0.15, 0.16,
0.18, 0.28.
VI. APPENDIX: SAMPLE QUALITY
There are some differences among the single crystal
samples in the temperature dependence of the electrical
resistivity at ambient pressure at the PM→HO/LMAFM
transition (see Fig. 1). The features at the transition
temperature T0 are relatively sharp for the x = 0, 0.07,
0.08, and 0.16 samples, whereas for x = 0.15, 0.18, and
0.28 samples, the transition at T0 is broadened. These
differences in the ρ(T ) behavior warrant some clarifica-
tion and additional comments regarding the quality of the
single crystal samples. We note that there will be some
unavoidable and intrinsic broadening of the transition for
larger concentrations of osmium. This type of broadening
is also seen in the polycrystal data for Os concentrations
larger than x = 0.2 previously reported in Ref. 61 and
also in other work reported in Ref. 62, in which the fea-
ture in the ρ(T ) data at T0 is nearly non-existent for the
x = 0.1 sample. The broadening of the transition at T0
may be attributed to inhomogeneity that arises when sin-
gle crystals are grown out of melts in a tetra-arc furnace
by the Czochralski method. As larger concentrations of
Os are introduced into the melt, there is a larger chance
of the occurrence of inhomogeneity across the sample.
The broadening of the transition at T0 also occurs with
increasing pressure. From the ρ(T ) data displayed in
Fig. 3(a), the degree of broadening appears to be mono-
tonic with increasing pressure. This type of pressure-
induced broadening of the PM→HO transition has been
previously reported for polycrystalline URu2Si2 (see Fig.
1 in Ref. 6), where the broadening of the ρ(T ) feature
at T0 may be associated with “different states of strain
within the polycrystalline sample”.6 Similar broaden-
ing of the HO transition occurred in single crystals of
URu2Si2 (x = 0) under applied hydrostatic pressure (see
Ref. 18). Broadening of the transition at T0 is also seen
in single crystal samples of URu2−xFexSi2 as a function
of increasing Fe concentration x (see Ref. 59). Hence,
the broadening of the T0 transition observed in the sin-
gle crystal samples of URu2−xOsxSi2 with x = 0.18 and
0.28 (see Fig. 1) is not to be unexpected. However, the
broadening in the x = 0.15 sample is somewhat anoma-
lous and needs some clarification.
As a measure of sample quality, we deter-
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FIG. 10. (Color online) (a)–(e) X-ray diffraction patterns for
single crystal samples of URu2−xOsxSi2 with Os concentra-
tions x = 0.07, 0.08, 0.16, 0.18, 0.28. The red line is the
Rietveld refinement fit to the data in black. (f) Lattice pa-
rameters a and c versus osmium concentration x.
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FIG. 11. (Color online) Results of EDX measurements for
single crystal samples of URu2−xOsxSi2 with nominal con-
centrations of xnom = 0.025, 0.05, 0.10, 0.13, and 0.20. (a)
Image of the single crystal sample with xnom = 0.13. (b)–
(f) An illustrative example of a set EDX measurements at
five different spots over the surface of the xnom = 0.13 sam-
ple. (g) Plot of the five osmium concentrations xEDX from
EDX measurements versus xnom for each sample. Horizon-
tal dashed lines are located at the average Os concentration
xave of the five xEDX values and are taken as the actual Os
concentration xact = x for each sample.
mined the residual resistivity ratio (RRR), defined as
ρ(300K)/ρ(2K), for each of the single crystal samples.
Values of RRR as a function of pressure P are displayed
in Fig. 9 for single crystal samples with Os concentration
x = 0, 0.07, 0.08, 0.15, 0.16, 0.18, 0.28. Note that for
all samples, RRR increases with P , which is likely due to
the improvement in the contact resistance between the
leads and the sample as pressure is increased. At ambi-
ent pressure, the values of RRR are larger than 10 for
those samples with lower Os concentration (x = 0, 0.07,
0.08). In comparison, significantly lower values of RRR
= 3.3, 2, and 4.7 for the x = 0.15, 0.18, and 0.28 samples
suggest more inhomogeneity or the presence of impurity-
induced electron scattering, which is likely to cause some
broadening of the ρ(T ) feature at the transition temper-
ature T0.
X-ray diffraction (XRD) patterns for single crystal
samples of URu2−xOsxSi2 with Os concentrations x =
0.07, 0.08, 0.16, 0.18, 0.28 are shown in Fig. 10(a)–(e).
The black circles represent the data, the red line rep-
resents the fit results from Rietveld refinement to the
data, and the green ticks indicate peak positions for the
URu2Si2 crystal. The peaks in the data at 2θ = 40
◦ for
x = 0.08 in panel (b), x = 0.16 in panel (c), and x = 0.18
in panel (d) are Os impurities. The results from the fits
of the Rietveld refinement to the XRD data were used to
determine the lattice constants a and c for single crys-
tal samples of URu2−xOsxSi2 with x = 0.07, 0.08, 0.16,
0.18, 0.28. The lattice constants a and c for single crys-
tals (filled symbols) as well as for polycrystalline samples
(open symbols) are plotted in Fig. 10(f) as a function of
osmium concentration up to x = 0.3. (The polycrystal
data was taken from Ref. 61.) For the single crystal sam-
ples, both lattice constants a and c are shown to increase
by approximately 0.2% as Os concentration x is increased
in URu2−xOsxSi2. For the single crystal samples, there
is some degree of scatter in the expansion of both a and
c between x = 0.08 and 0.18, which may be related to
the presence of Os impurity peaks detected in the XRD
patterns for the x = 0.08, 0.16, and 0.18 samples (see
Fig. 10).
Single crystal samples of URu2−xOsxSi2 at nominal
concentrations of xnom = 0.025, 0.05, 0.10, 0.13, and 0.20
were measured for elemental composition using energy-
dispersive X-ray spectroscopy (EDX). For each of these
samples, EDX measurements were made at five different
spots across the surface of the sample. As a representa-
tive example, an image of a sample from the x = 0.13
single crystal is shown in Fig. 11(a) and the locations of
the five different EDX measurement spots for this sample
are shown in the images displayed in Fig. 11(b)–(f). The
results of the EDX measurements for these samples are
shown in Fig. 11(g), where the Os concentrations (xEDX)
determined from the five different EDX measurements on
each sample are plotted (open symbols) versus the nomi-
nal Os concentration (xnom). The horizontal dashed lines
represent the average Os concentration xave of the five
different EDX measurements for each sample, where xave
is taken to be the actual osmium concentration xact for
these single crystal samples. Based on the EDX mea-
surements, the single crystal samples of URu2−xOsxSi2
with nominal concentrations of xnom = 0.025, 0.05, 0.10,
0.13, and 0.20 were determined to have actual concentra-
tions of xact = 0.07, 0.08, 0.15, 0.18, and 0.28, respec-
tively. The error in the Os concentration for each sample
is taken as the standard deviation of the five xEDX values
and is represented by the error bars in the T0–x phase
diagram shown in Fig. 2. Note that for samples with
larger concentrations of Os x, there is an increase in the
error of x suggesting that the inhomogeneity across the
sample increases as x increases. For the sample that was
unavailable for EDX measurement, with nominal Os con-
centration of x = 0.16, the error in the Os concentration
was taken as the average of the error for the samples with
comparable Os concentration, namely x = 0.15, 0.18, and
0.28.
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